Recently, an anionic proregion was found to be conserved at the C terminus of the antimicrobial peptide, nematode cecropin. Our results suggest that the antimicrobial activity of mature peptide is suppressed by the proregion in its precursor and is released from inhibition after processing. Inhibition is not likely to be due to direct suppression of membrane disruption.
Antimicrobial peptides are molecules selectively toxic against microbes. Various organisms, including animals, plants, and microbes, produce antimicrobial peptides. Nematode cecropins are antimicrobial peptides present in the pig intestinal parasitic nematode Ascaris suum and some other Ascarididae nematodes. 1) To date, four cecropins (cecropin P1-P4) have been identified in A. suum. 1) Cecropin P1 was isolated in the early stages of antimicrobial peptide research, and it is one of the best characterized antimicrobial peptides.
2) All nematode cecropins consist of 31 amino acid residues, which form an -helix throughout almost the entire structure. 3) Nematode cecropins exhibit microbicidal activity towards both Gram-positive and Gram-negative bacteria by disrupting their microbial membrane. 4) Transcripts for nematode cecropins are ubiquitously expressed and are induced by injecting heat-killed bacteria into the body cavity, suggesting that nematode cecropins act as immune effectors against microbial infections in various tissues. 1) Other antimicrobial peptides similar to nematode cecropins have also been found in insects (insect cecropin) and tunicates (styelin). 5, 6) Nematode cecropin precursors consist of an N-terminal secretory signal region, a mature peptide, and a C-terminal proregion (Fig. 1) .
1) The C-terminal proregion is 26-30 amino acid residues long. A similar C-terminal proregion is also found in styelins, suggesting that the proregion is important to the functioning of these cecropin-type antimicrobial peptides, but the function of proregion is still unclear.
To determine the function of the proregion, we first studied the putative processing of a nematode cecropin, cecropin P4. Cecropin P4 precursor consists of an Nterminal secretory signal, a mature antimicrobial peptide (cecropin P4), and a C-terminal proregion (P4P) (Fig. 1) . We defined P4P as the remaining C-terminal portion excluding the signal and mature peptide regions. A tetra-basic site, Arg-(Arg/His)-Arg-Arg, is conserved among the nematode cecropin precursors, including the cecropin P4 precursor. This sequence encompasses the recognition site of FKSPCs, Arg-Xaa-(Lys/Arg)-Arg, which are widely conserved among eukaryotes. 7) A FKSPC-like protease, blisterase, found in the filarial nematode Onchocerca volvulus, recognizes Arg-XaaArg-Arg, indicating that the recognition site of FKSPCs is also conserved in nematodes. 8) Blisterase-like sequences have also been detected in the genome of A. suum (Y. Kato, unpublished data). Since the cleavage site of FKSPCs is at the C terminus of the recognition site, the putative free-form of the proregion after cleavage is a partially deleted P4P in which three basic residues at the N terminus are removed (P4P-pf). Some basic residues at the C terminus of mature cecropin P4 after cleavage are perhaps removed by carboxypeptidase-like proteases. 7) Based on analyses of processing, we chemically synthesized cecropin P4 precursor, mature cecropin P4, * These authors contributed equally to this study. y To whom correspondence should be addressed. Tel/Fax: +81-29-838-6059; E-mail: kato@affrc.go.jp Abbreviations: P4P, nematode cecropin P4 proregion; P4P-pf, putative free-form of P4P; HPLC, high-pressure liquid chromatography; TOF-MS, time of flight-mass spectrometry; FKSPCs, furin/Kex2/subtilisin proprotein convertases P4P, P4P-pf, and the N-terminal three basic residues of P4P (His-Arg-Arg). Although we first tried to test the antimicrobial activity of the cecropin P4 precursor, it was unfortunately highly insoluble in water (soluble in 40%, but precipitated in 20% DMSO). Next we assessed to determine whether P4P would affect the activity of mature cecropin P4 in trans. P4P demonstrated dosedependent inhibition of antimicrobial activity at an equimolar (1:1) concentration and higher, against both E. coli ( Fig. 2A ) and S. aureus (Fig. 2B ). P4P without mature cecropin P4 showed an absence of antimicrobial activity below a concentration of 300 mg/ml. In addition, the effect of the putative free-form, P4P-pf, was tested. P4P-pf did not affect the antimicrobial activity of cecropin P4 against E. coli ( Fig. 2A ) or S. aureus ( Fig. 2B ) even at a molar concentration 16 times higher than cecropin P4. Based an a comparison of P4P and P4P-pf, the N-terminal three basic residues were important in inhibiting cecropin P4 activity, but the basic fragment alone or with P4P-pf was not inhibitory ( Fig. 2A and B) , suggesting that the cleavage and release of P4P-pf caused a loss of inhibitory effect and that the three basic residues were not the center of activity. These results suggest that cecropin P4 is inactive in its precursor and is released from inhibition after processing. Insect cecropins, antimicrobial peptides structurally similar to nematode cecropins, contain a small proregion at the N terminus (4 amino acid residues long), and this suppresses the antimicrobial activity of the mature peptide. 9) Although the precursor structures of insect and nematode cecropins are entirely distinct, the inhibitory effect of proregion appears to be conserved, suggesting the physiological importance of inhibition in cecropin-type antimicrobial peptides. The proregions of some other antimicrobial peptides, such as mammalian -defensins and cathelicidins, have been also reported to inhibit the activity of their mature peptides. 10, 11) In the case of -defensins, the role of proregion inhibition is perhaps suppression of the cytotoxicity of mature peptides, 10) but some papers reported in vivo lowcytotoxicity of nematode cecropins, indicating that the physiological role of proregion inhibition in nematode cecropins might not be identical to that of -defensins. The tetra-basic site at the junction between the mature peptide and the proregion is underlined. P4P-pf is represented in inverted characters. The pI values were calculated from amino acid sequences. Fig. 2 . P4P Inhibits the Antimicrobial Activity of Cecropin P4.
A B
P4P, P4P-pf, the N-terminal basic fragment (His-Arg-Arg), or P4P-pf + the N-terminal basic fragment, was mixed with mature cecropin P4 at various molar ratios and incubated with E. coli JM109 (A) or S. aureus N315 (B) for 2 h. The concentration of cecropin P4 was 30 mg/ml for E. coli and 7.5 mg/ml for S. aureus. The antimicrobial activities were estimated by colony formation of surviving bacteria after inoculation of the bacterial suspension. 0:16 is equal to 1:16 without cecropin P4 to test the antimicrobial activity of P4P only. C represents negative controls without peptides. The peptides were synthesized at Biologica (Nagoya, Japan) by the Fmoc method and purified by reverse phase HPLC. The products were confirmed by TOF-MS on a Voyager DE Mass Spectrometer, Applied Biosystems (Foster City, CA). To test the effect of P4P, a series of mixtures of cecropin P4 (M): P4P (M) (1:16, 1:8, 1:4, 1:2, 1:1 and 1:0) were prepared in 10 mM Tris-HCl (pH 7.5) and incubated at room temperature for 1 h to ensure adequate interaction between the mixed peptides. Antimicrobial assays were performed as described elsewhere (ref. 18) . Briefly, the bacteria to be tested were mixed with cecropin P4 mixtures and incubated for 2 h. After incubation, the samples were diluted, inoculated in IFO 702 solid medium, and incubated overnight at 30 C. Antimicrobial activity was estimated by the appearance of bacterial colonies on the plates. are essential to normal biosynthesis, subcellular trafficking, and sorting. 13) In cathelicidins, the proregions inhibit the activities of cysteine proteases and might protect the cells from unfavorable proteolysis by host and microbial proteases. 14) They are antimicrobial and can directly attack pathogens. 14) We cannot exclude the possibility that the nematode cecropin proregions are multifunctional and that their other functions are physiologically more important than their inhibitory effect on the bactericidal activities of mature peptides, but some possibilities can be excluded. Chemically synthesized nematode cecropins are fully active, indicating that the folding of these peptides does not require cofactors such as intramolecular-chaperons. 1) Thus, facilitation of mature peptide folding might not be the major role of nematode cecropin proregions even if they possess chaperon activities. Moreover, in contrast to the cathelicidin proregion, P4P was not antimicrobial. No other functions of nematode cecropin proregions could be predicted based on sequence similarity, since no significant homology was detected in database searches. The physiological role of proregion inhitibion remains to be elucidated.
Nematode cecropins kill microbes by cytoplasmic membrane disruption. To determine the mechanism of proregion inhibition, we tested the effects of P4P on membrane disruption by cecropin P4. Membrane disruptive activity was estimated by dye-leakage assay using liposomes mimicing the Gram-positive cytoplasmic membrane. The dye-leakage caused by cecropin P4 was not affected by the presence of P4P, suggesting that P4P did not directly inhibit membrane disruption (Fig. 3) . Bacteria contain cell walls and other various components, whereas liposomes consist simply of lipid membranes. The properties of cell walls influence bacterial susceptibility to antimicrobial peptides. 15) Antimicrobial peptides are initially attracted to anionic molecules on bacterial surfaces such as anionic phospholipids, lipopolysaccharide, and teichoic acids, after which the peptides transverse cell walls before interaction with microbial membranes. 16) A hypothesis as to the inhibitory effect of P4P is that P4P affects such early processes and inhibits the access of cecropin P4 to target membranes. P4P is negatively charged at neutral pH and is directly cis-fused to positively charged mature cecropin P4 in the precursor, suggesting that these regions can be electrostatically coupled and that they form a complex. The mutant P4P whose all acidic amino acid residues were substituted to amides (viz., Glu ! Gln, and Asp ! Asn) did not inhibit the activity of mature cecropin P4, confirming that electrostatic interaction is essential (K. Kusaka, S. Ueno, H. Zhang, M. Minaba, and Y. Kato, to be published elsewhere). Reduced net positive charge in the cecropin P4-P4P complex might, for instance, interfere in attraction to anionic bacterial surface molecules.
Nematode cecropins, mainly cecropin P1, have been widely investigated for their clinical applications and for the generation of pathogen-resistant gene-modified plants. 17) Inhibitory regulation of nematode cecropins by their proregions can provide novel tools for technological applications of nematode cecropins. The lipid film was hydrated with 1 ml of 10 mM Tris-HCl buffer (pH 7.5) containing 70 mM calcein. The lipid dispersions were sonicated and subjected to 5 freeze-thaw cycles. Non-trapped calcein was removed by gel filtration on a Sephacryl S-300 spin column (GE Healthcare Bio-Science, Piscataway, NJ) equilibrated with 10 mM Tris-HCl (pH 7.5) containing 175 mM NaCl and 1 mM EDTA. These calcein-entrapped liposomes were diluted at a ratio of 1:10,000 in 10 mM Tris-HCl (pH 7.5) containing 350 mM sucrose. The release of calcein after membrane disruption was evaluated by measuring the fluorescence intensity at 520 nm with excitation at 490 nm on a Shimadzu RF-5300PC instrument (Shimadzu, Kyoto, Japan) at room temperature. The release of calcein was calculated according to the following equation:
Dye leakage (%) = 100[(F t À F 0 )/(F max À F 0 )] Where, F t is the fluorescent intensity achieved by sample addition, and F 0 and F max are the intensities of liposomes alone and after the addition of Triton X-100 (0.1% final concentration), respectively. The preparation trapped the fluorescent-dye calcein in the liposomes. Cecropin P4 was added at about the threshold concentration of liposome disruption in a stepwise manner. Dye-leakage was measured 100 s after the addition of cecropin P4.
